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ABSTRACT: Snowpack melting is a crucial water resource for local ecosystems, agriculture, and hydropower in the
Intermountain West of the United States. Glaciogenic seeding, a method widely used in mountain regions to enhance pre-
cipitation, has been subject to numerous field studies aiming to understand and validate this mechanism. However, investi-
gating precipitation distribution and amounts in mountainous areas is complicated due to the intricate interplay of synoptic
circulation patterns and local complex topography. These interactions significantly influence microphysical processes, ulti-
mately affecting the amount and distribution of surface precipitation. To address these challenges, this study leverages
Weather Research and Forecasting (WRF) Model simulations, providing high-resolution (900 m), hourly data, spanning
the Payette region of Idaho from January to March 2017. We applied the self-organizing map approach to categorize the
most representative synoptic circulation patterns and conducted a multiscale analysis to explore their associated environ-
mental conditions and microphysical processes, aiming to assess the cloud seeding potential. The analysis identified four
primary synoptic patterns: cold zonal flow (CZF), cold southwesterly flow (CSWF), warm zonal flow (WZF), and warm
southwesterly flow (WSWF), constituting 21.3%, 23.1%, 30.0%, and 25.5%, respectively. CSWF and WSWF demonstrated
efficiency in generating natural precipitation. These patterns were characterized by abundant supercooled liquid water
(SLW) and ice particles, facilitating cloud droplet growth through seeder–feeder processes. On the other hand, CZF exhib-
ited the least SLW and limited potential for cloud seeding, while WZF displayed a lower ice water content but substantial
SLW in the diffusion/dendritic growth layer, suggesting a favorable scenario for cloud seeding.

SIGNIFICANCE STATEMENT: Understanding snowfall amounts and distribution in the mountains and how it is
linked to topography, synoptic flow, and microphysical processes will help in the development of effective strategies for
cloud seeding operations, managing runoff, reservoir, and mitigating flood risks, garnering substantial interest from
stakeholders and the government agencies.
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1. Introduction

In the Intermountain West of the United States, mountain
snowpack holds a substantial volume of water that accumu-
lates during the winter and gradually melts in warmer months.
This process serves as a crucial water source for many western
states of the United States, playing a vital role in supporting
local ecosystems, water supply, agriculture, and hydropower.
Understanding snowfall amounts and distribution in the
mountains and how it is linked to topography, synoptic flow,
and microphysical processes will help in the development of
effective strategies for managing runoff, reservoir, and mitigat-
ing flood risks, garnering substantial interest from stakeholders
and the government agencies. However, forecasting precipitation
over complex terrain remains a formidable challenge. This

challenge arises from a grasp of the intricate interactions between
coupled multiscale microphysical and thermodynamical pro-
cesses, topography, and their collective impact on surface precipi-
tation (Kirshbaum et al. 2018; Lehner and Rotach 2018; Serafin
et al. 2020). In this study, we employ the self-organizing map
approach to analyze 900-m resolution, hourly simulations
generated by the Weather Research and Forecasting (WRF)
Model. These simulations, conducted between January and
March 2017, specifically focused on the Payette Mountains of
Idaho and the period of the Seeded and Natural Orographic
Wintertime Clouds: the Idaho Experiment (SNOWIE). Our
objective is to investigate the interplay of synoptic weather
patterns, mesoscale microphysical and thermodynamical pro-
cesses in complex terrain during SNOWIE, and how they in-
fluence the suitability for cloud seeding, as well as snowfall
amount and distribution.

Significant precipitation events in the interior western United
States have been linked to specific moisture pathways and
synoptic weather patterns (Rutz et al. 2015; Swales et al. 2016;
Zhang et al. 2022). In the context of SNOWIE (January–
March 2017), the three moisture pathways were dominant
during snowstorms: Sierra-blocked, southwest, and zonal
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flow (Cann and Friedrich 2020). They employed the NOAA
Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model to trace the backward trajectory of mois-
ture pathways entering the Payette Mountains. These
synoptic conditions play a crucial role in transporting water
vapor into the area and determining surface snowfall
amounts and distribution. In a similar study, Tessendorf
et al. (2019) classified these 24 SNOWIE cases into four
synoptic patterns, i.e., atmospheric river, northwest flow,
orographic cloud, and convective cloud events based on
500-hPa geopotential height and flow structure. While ob-
servational and numerical studies have delved into the
microphysical and thermodynamical characteristics of cloud
seeding (e.g., French et al. 2018; Friedrich et al. 2020, 2021;
Xue et al. 2022), only a few studies have investigated the fa-
vorable environmental and microphysical conditions for an-
thropogenic cloud seeding operations over multiple years
(Mazzetti et al. 2021, 2023; Tessendorf et al. 2020). These
seasonal analyses assessed seeding potential by examining
whether the atmospheric conditions met the basic seeding
criteria, such as a threshold for liquid water content within a
specific temperature range. However, it is important to note
that these criteria are subjective, and the influence of synop-
tic and topographic factors on water vapor transportation
and amounts of supercooled liquid water have not been
thoroughly considered in these analyses.

To assess the potential of cloud seeding, it is essential to
first understand the formation and enhancement of natural
precipitation. This understanding is crucial because the effec-
tiveness of seeding tends to be less pronounced when natural
precipitation processes are already operating efficiently (Xue
et al. 2013). In the mountains, precipitation enhancement oc-
curs due to orographic lifting, a cooling mechanism that pro-
motes water vapor condensation and cloud formation (Napoli
et al. 2019; Yu et al. 2022). As the moist air is forced to rise
over elevated terrain, it cools and condenses, giving rise to
cloud formation and, depending on the efficiency of cloud mi-
crophysical processes, subsequently precipitation. This process
is particularly effective in enhancing precipitation on the wind-
ward side of mountains (Lin 2007). A microphysical process
influencing cloud droplet growth and precipitation is the
seeder–feeder effect. The seeder–feeder mechanism occurs
when ice crystals, acting as seeds, descend from the upper
cloud into a lower-lying cloud containing supercooled liquid
water (SLW) or a mix of ice and SLW. Within the mixed-
phased cloud, these ice crystals undergo further growth, facili-
tated by processes like riming, dendritic growth, or vapor
deposition. The lower-lying liquid or mix-phase cloud functions
as a “feeder,” providing the water necessary for the continued
growth of the descending ice crystals (Fernández-González et al.
2015). This process shares similarities with natural aerosols that
act as ice-nucleating particles, initiating heterogeneous ice for-
mation in mixed-phase clouds (Yang et al. 2021). Acknowl-
edged for its significant impact, the seeder–feeder mechanism
plays a pivotal role in orographic enhancement (Purdy et al.
2005) and is closely associated with the enhancement of heavy
precipitation events (Rössler et al. 2014). In this study, our focus
will be on analyzing cloud microphysical processes in complex

terrain and investigating their influence on the distribution and
quantity of precipitation.

Understanding the factors influencing cloud formation and
orographic precipitation involves considering both mesoscale
processes that directly impact cloud development and synoptic-
scale water vapor transport, which governs the moisture supply.
A well-established approach to study synoptic-scale water vapor
transport involves categorizing the synoptic-scale circulation
patterns and identifying the ones most closely linked to precipi-
tation distribution and amounts (Ohba et al. 2015; Zhang et al.
2022). In recent times, the self-organizing map (SOM) approach,
an unsupervised machine learning technique, has gained popular-
ity for weather pattern classification compared to traditional clus-
tering methods like k-means (e.g., Baiman et al. 2023). The SOM
approach has proven to be effective at capturing variations in
large-scale dynamics and transitions of weather systems. It has
been widely used to explore the relationship between weather
patterns and precipitation as a pattern recognition method. For
example, Swales et al. (2016) utilized SOM to investigate the con-
nections between water vapor transportation and extreme precipi-
tation events in the intermountain west regions. Wang et al.
(2022) applied SOM to 700-hPa geopotential height anomalies to
establish a connection between synoptic patterns, cloud properties,
and regional circulations over Southeastern Texas. Zhang et al.
(2022) identified the most representative circulation patterns con-
ducive to high-intensity precipitation events in China Henan Prov-
ince through SOM clustering. However, it is worth noting that
while many studies focus on determining moisture pathways and
associated flow patterns, they often overlook the kinematic and
thermodynamic effects of topography. These effects are crucial
factors influencing orographic precipitation in complex terrain.

In this study, we utilized high-resolution (900-m domain
nested within 2700-m domain) simulations from the WRF
Model driven by data from the fifth major global reanalysis
produced by ECMWF (ERA5). These simulations covered
the period from January to March 2017, which coincided with
the SNOWIE field campaign. Previous research related to
SNOWIE primarily focused on examining the effects of cloud
seeding on cloud microphysics and surface snowfall (French
et al. 2018; Friedrich et al. 2020, 2021), investigating the role
of vertical motion and supercooled liquid generation using
aircraft observations (Geerts et al. 2023; Zaremba et al.
2022a,b; Heimes et al. 2022), or validating for the state-of-art
seeding parameterizations for some well-observed SNOWIE
cases (Xue et al. 2022). A recent study by Warms et al. (2023)
employed the same 0.9-km resolution WRF simulations to ex-
amine snowfall events in the Payette Mountains from 1 October
2016 to 31 April 2017. Their research focused on understanding
the variability of snowfall accumulation and distribution during
the winter season. Their study discussed conditions conducive
to efficient snowfall and successful cloud seeding, characterized
by elevated levels of elevated supercooled liquid water. How-
ever, their study did not delve into the influence of topography
and synoptic circulation during these snowfall events. There-
fore, our study stands out by utilizing seasonal simulation data
and employing a SOM technique to establish connections be-
tween environmental characteristics, such as terrain effects, wa-
ter vapor transport, and cloud microphysics, in relation to the
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distribution and amounts of orographic precipitation. There is a
significant ongoing discussion regarding the feasibility and cost-
effectiveness of cloud seeding. The question at hand is how often
we encounter favorable conditions for seeding during a given sea-
son. Currently, all snow events are seeded in the western United
States. However, if we get a better understanding of the spatio-
temporal variability of natural microphysics, we might be able to
better target storms that are favorable for cloud seeding and avoid
overseeding. While this might vary from year to year, currently,
there is a lack of studies addressing this issue. However, we ac-
knowledge that this kind of study needs to be extended over mul-
tiple years to better understand seasonal variabilities.

This study aims to address three key questions related to
the SNOWIE field campaign: 1) What are the typical synoptic
circulation patterns, and how do these patterns of water vapor
transport correlate with precipitation amounts and distribu-
tions? 2) What are the kinematic, thermodynamic, and micro-
physical processes at play, and how are they related to the
underlying terrain and snowfall? and 3) Which synoptic sce-
narios offer the most favorable environmental conditions for
glaciogenic cloud seeding?

This paper is organized as follows: In section 2, we provide
an overview of the datasets and methods utilized in this study.
Section 3 presents the results of our SOM analysis, highlight-
ing moisture transport and precipitation distribution and
amounts within the SOM categories. We delve into an analysis of
precipitation efficiency by examining ice water and water paths
as well as vertical velocity associated with these SOM patterns.
Finally, in section 4, we summarize our findings, draw conclu-
sions, and discuss the potential for glaciogenic seeding under four
different synoptic circulation scenarios during SNOWIE.

2. Data and methods

a. Datasets

To investigate synoptic flow patterns over Idaho during the
period from January to March 2017, we employed data from
the ERA5 (Hersbach et al. 2020) as input for an SOM model.

We utilized hourly ERA5 data, featuring a horizontal resolution
of about 27 km (0.2583 0.258), covering the northwestern United
States and Pacific Ocean (1058–1408W, 308–558N; Fig. 1). Our
SOMs were trained on geopotential heights at 700 hPa. For each
specific SOM node, we derived average fields based on the
hourly ERA5 data of integrated water vapor transport (IVT),
horizontal wind at 700 hPa, and temperature at 700 hPa.

To investigate the mesoscale interactions between oro-
graphic flow, terrain, and precipitation within the Payette
Mountain region, we used the results from the SOM model
trained on ERA5 data. The specific SOM nodes trained with
ERA5 data were then applied to the hourly, higher-resolution
(900 m) WRF Model simulations for the same time period
but focusing on the Payette Mountains of Idaho (Fig. 1). This
approach is justified as the WRF Model simulations are initi-
ated/nudged every hour with the ERA5 data. Moreover, the
comparison of 700-hPa geopotential height patterns from
ERA5 and WRF Model simulations, as based on the SOM
model, demonstrated good agreement (more discussion can
be found in section 3a).

The details of the WRF Model configuration are listed in
Table 1. For the 900-m WRFModel simulation, no parameter-
ization scheme is used to represent cumulus clouds as convec-
tion is explicitly resolved. This means that all precipitation was
generated directly from a microphysics scheme at the grid
scale. The microphysics scheme used here is the aerosol-aware
Thompson–Eidhammer scheme (Thompson and Eidhammer
2014), which is a revised version of the Thompson scheme
(Thompson et al. 2004, 2008). Originally designed for winter-
time clouds and precipitation, the Thompson–Eidhammer
scheme has now been widely applied to study the vertical distri-
bution of hydrometeors (Han et al. 2013; Song and Sohn 2018).

b. SOM method

The SOM technique leverages a sophisticated neural net-
work algorithm that utilizes unsupervised learning to identify
generalized patterns in data. By clustering similar data re-
cords and arranging them into a two-dimensional map, this
approach effectively reduces the dimensionality of vast data-
sets. Consequently, large multidimensional datasets are trans-
formed into more easily comprehensible forms. While the
SOM algorithm may be classified as a clustering technique, it

FIG. 1. Topographic map of the area covered by the 900-mWRF
simulations (inner domain or domain 2) highlighting topographic
features discussed in the text. The domain covered by the 2700-m
WRF Model simulations (outer domain or domain 1) is shown in
the inset in the upper-left corner, with the red box outlining the
boundary of the inner domain.

TABLE 1. Selection of model configurations for the 2700- and
900-m WRF Model simulations. The outline of the domains is
shown in Fig. 1.

2700-m domain 1 900-m domain 2

Number of horizontal grid
points

400 3 630 540 3 810

Driving data ERA5
Vertical coordinate 81 terrain-following ETA levels
Land surface model Noah MP
Radiation RRTMG
Planetary boundary layer

scheme
MYNN

Microphysics Thompson–Eidhammer
Aerosol impact aer_opt 5 3
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stands out from other clustering methods as it does not re-
quire preconceived notions about data distribution and in-
stead relies on an iterative training process. The completed
two-dimensional array of patterns (SOM) comprehensively
displays the full continuum of states present in the training da-
taset. This array is strategically arranged to group similar pat-
terns in proximity and dissimilar patterns on opposite corners,
facilitating the examination of interpattern relationships. A
detailed description of the SOM algorithm has been provided
by Kohonen (1990). The SOM technique has been widely uti-
lized to organize synoptic weather patterns to study how syn-
optic flow affects local precipitation in various geographical
regions (Swales et al. 2016; Wang et al. 2022; Zhang et al.
2022).

The objective of this paper was to study the differences in
microphysics and precipitation patterns for different synoptic
weather patterns. Midlevel water vapor transport plays a cru-
cial role in cloud microphysics and precipitation generation,
particularly in the western United States. Cann and Friedrich
(2020) utilized the 700-hPa level to track airmass trajectory
through the use of HYSPLIT and classified them into four cate-
gories during SNOWIE. Tessendorf et al. (2019) classified the
24 SNOWIE cases into four categories based on the 500-hPa
geopotential height and flow structure. Therefore, in this study,
we utilize geopotential height fields at 700 and 500 hPa, as input
data to train our SOM model. The general procedure applied
includes the following: 1) Weight initialization: The SOMmodel
is initialized with weights to each connection with the input
data. These weights represent the relationship of the mapping
neuron with the input vector. 2) Best matching neuron selec-
tion: We determined the best matching neuron by calculating
the Euclidean distance between the neuron and the input data,
selecting the neuron with the smallest distance. 3) Weight up-
dating: An iterative process is used to update the weights of the
neurons within the defined neighborhood radius, making them
more similar to the input vector. 4) Model evaluation: The
performance of the SOM model is assessed, and the optimal
number of the nodes for the best-performing SOM architec-
ture is determined (Wang et al. 2022). To build the SOM
model, we employed the MiniSom software package, a widely
used Python library (Vettigli 2018). We used the ERA5 data-
set, as described in section 2a, as the input data for training the
SOMmodel.

When utilizing the SOM technique, a crucial decision to
consider is the number of patterns generated by the algo-
rithm. Opting for a smaller number of patterns allows for dis-
tinct differences in features to be easily observed and for the
SOM to be clearly visualized. However, this approach may
result in generalized patterns that fail to identify features of
infrequent events. On the other hand, larger SOM arrays
enable finer distinctions between each pattern and can ef-
fectively separate similar patterns with important minor var-
iations. Nevertheless, using a large SOM array may make it
difficult to visualize all patterns and may also affect repre-
sentativeness due to the limited number of events associated
with each pattern. To determine the SOM configuration
used in this study, we generated multiple sets of SOMs
by varying neighborhood radius, learning rates, and the

number of SOM nodes, following the approach used by Udy
et al. (2021) and Wang et al. (2022). Initially, we defined a
range for each parameter and tested different combinations
of parameters within these ranges. Specifically, we consid-
ered a neighborhood radius ranging from 1 to 2 in incre-
ments of 0.1 and a learning rate ranging from 0.4 to 1.7 with
0.1 intervals and explored seven different SOM map sizes
(2 3 2, 2 3 3, 2 3 4, 3 3 3, 3 3 4, 4 3 4, 5 3 5) for both
the 700-hPa (Fig. 2) and the 500-hPa geopotential heights
(Fig. S1 in the online supplemental material).

To assess the classification performance, we used two met-
rics: the silhouette index (SI; Rousseeuw 1987) and the pat-
tern Pearson correlation coefficients (PPCCs; Gibson et al.
2017; Udy et al. 2021). These metrics are commonly used to
evaluate the consistency and similarity among clusters of in-
put data. They both have a maximum value of up to 1, with
higher values indicating better model performance. When
evaluating the 700-hPa geopotential height SOM model, we
observed that the PPCC monotonically increased within a
range of 0.87–0.95 (Fig. 2). On the other hand, the SI initially
decreased from 0.28 to 0.22 and then gradually increased
from 0.22 to 0.24 as the node size increased (Fig. 2). The SI
reached its highest value for a 2 3 2 node configuration, while
the PPCC achieved its peak with a 5 3 5 node. Given that
SOM structures showed relatively good performance ac-
cording to the PPCC (all above 0.86), we gave more weight
to the improvement of SI when selecting the number of no-
des. Additionally, choosing an optimal SOM structure in-
volves determining the necessary number of nodes to
accurately represent relevant circulation types for analysis,
while also ensuring a manageable number of nodes for ef-
fective result visualization (Cassano et al. 2015). Therefore,
we considered the 2 3 2 SOM structure as the most appro-
priate architecture. Furthermore, our evaluation indicated
that the SOM model using 700-hPa geopotential height
field as input data (Fig. 2 for 700-hPa maps) outperformed
the model using 500-hPa geopotential height (Fig. S1 for
500-hPa maps). Consequently, we utilized the 700-hPa geo-
potential height as input data and implemented the 2 3 2

FIG. 2. Box-and-whisker plots of the SI (light blue with red
edges) and the PPCCs (light red with blue edges). The plots repre-
sent evaluation metrics for the SOM models trained using 700-hPa
geopotential height under different configurations.

J OURNAL OF AP P L I ED METEOROLOGY AND CL IMATOLOGY VOLUME 63858

Brought to you by University of Colorado Libraries | Unauthenticated | Downloaded 08/26/24 06:02 PM UTC



SOM node structure to train our model, selecting it as the
optimal configuration for the following analysis.

c. Moisture transport and hydrometer content

The supercooled liquid water path (SLWP) and ice water
path (IWP) were calculated to analyze the horizontal distribu-
tion of integrated values of SLW and ice-phased water content.
The calculation of SLWP and IWP was modified based on the
definition of liquid water path provided by the American
Meteorological Society (2020). Specifically, we replaced the
liquid water mixing ratio with supercooled liquid water for
temperature , 08C to calculate the supercooled liquid water
mixing ratio and ice-phased water mixing ratio. To investigate
the water vapor supply, we plotted the IVT for the four SOM
node patterns. IVT was calculated by integrating water vapor
transport from the surface (ps) up to 300 hPa (pt) using the
formula as follows:

IVT 5 2
1
g

�pt

ps

qVdp, (1)

where g is the gravitational acceleration (9.8 m s22), V is the
magnitude of wind (m s21), q represents the mean specific
humidity (kg kg21) within each integrated layer, and dp de-
notes the pressure (hPa) difference between each integrated
layer.

3. Results

a. Synoptic weather regimes

The SOM model classified hourly geopotential height maps
at 700 hPa almost equally into four distinct patterns, each con-
taining about 461–646 h of data, each node accounting for
21%–30% of the entire dataset (Fig. 3). In the CZF pattern
(Fig. 3a), Idaho was located southwest of a low pressure sys-
tem that funnels cold air from higher latitudes into the region,
resulting in westerly winds over the Payette Mountains. At
700 hPa, temperature T ranged between 2188 and 2128C and
vertically integrated water vapor flux (IVT) varied between
22 and 54 kg m21 s21 (Fig. 4a). CZF represented the coldest
and driest case of all, primarily occurring in January and
February (221–236 h) and rarely in March (4 h). In the CSWF
pattern (Fig. 3b), a cyclone was situated off the West Coast of
the United States over the Pacific Ocean, transporting an am-
ple amount of moisture from low latitudes to Idaho (IVT .

90 kg m21 s21; Fig. 4b). Temperatures at 700 hPa range from
2108 to 248C. CSWF was predominant in February (246 h),
followed by 195 h in January and 59 h in March. The WZF
pattern (Fig. 3c) was characterized by a ridge of high pressure
off the southwestern coast of California over the Pacific
Ocean, resulting in warm temperatures (from 29.58 to 248C
at 700 hPa; Fig. 4c) and zonal upstream winds over Idaho.
IVT ranged between 50 and 88 kgm21 s21 (Fig. 4c). This

FIG. 3. Four synoptic regimes over the western United States represented by the SOM model: (a) CZF, (b) CSWF,
(c) WZF, and (d) WSWF. The patterns show geopotential height (solid gray lines), temperature (color coded) at
700 hPa, and water vapor flux integrated between the surface and 300 hPa (IVT; arrows). The total hours included in
the SOM, PPCC, and SI are indicated in the upper left corner. The hours per month are shown in the upper-right
corner. State borders are marked with solid black lines, with the state of Idaho highlighted in bold.
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pattern was primarily observed in January (230 h) and March
(337 h) and occasionally in February (81 h). The WSWF pat-
tern (Fig. 3d) resembled CSWF (Fig. 3b) in inducing a moist
air mass to Payette Mountains. However, in WSWF, a cyclone
was located farther to the northwest, bringing warmer air to
Idaho compared to CSWF. Temperatures and IVT range be-
tween 278 and 228C and 75–150 kgm21 s21, respectively
(Fig. 4d). WSWF was mainly observed in March (344 h), fol-
lowed by February (124 h) and January (84 h).

The SOM patterns for CSWF and WSWF closely resem-
bled the composite maps, as indicated by the high PPCC of
0.91, while CZF and WZF showed PPCC values of 0.77 and
0.86, respectively (Fig. 3). However, PPCC alone did not cap-
ture the distinctions between these clusters. To address this,
we also examined the SI, which measured the similarity of an
object to its cluster compared to other clusters (Fig. 3). CZF,
CSWF, and WZF exhibited higher SIs (0.29–0.31), indicating
that the SOM model faced challenges in distinguishing the
warm southwesterly circulations from the other patterns.

The SOM analysis was based on the coarser-resolution
(27 km) ERA5 reanalysis data, representing the synoptic-
scale weather pattern over the western United States and
parts of the Pacific Ocean. To better analyze mesoscale pro-
cesses, we subsequently utilized the 900-m WRF Model simu-
lations over Idaho, initiated with ERA5. Our goal was to
compare the SOM hours of the ERA5 temperature, geopo-
tential height, and IVT with the SOM hours of the WRF sim-
ulations to demonstrate that the WRF simulations, initiated
with ERA5, reproduced a similar synoptic scale flow over
Idaho (Fig. 4). The differences in domain-averaged IVT be-
tween ERA5 and WRF for the four different patterns (CZF,
CSWF, WZF, and WSWF) were below 10 kgm21 s21. Simi-
larly, differences in T at 700 hPa remained below 28C (Fig. 4
and Fig. S2). These results affirmed the fidelity of the simulated

synoptic-scale environmental characteristics, justifying the use
of WRF simulations to explore how the synoptic flow patterns
and underlying terrain influenced microphysical and thermody-
namic processes during SNOWIE, leading to different spatio-
temporal precipitation patterns.

b. Moisture transport and precipitation

Precipitation amounts and distribution exhibited significant
variability among the four SOM patterns (Fig. 5). The highest
precipitation rates (PR . 0.4 mm h21) were found in CSWF
and WSWF, which were also characterized by the highest
IVT (IVT 5 123kg m21 s21; IVTmax 5 187 kgm21 s21) dur-
ing southwest flow conditions (Figs. 5b,d). Notably, the maxi-
mum PR values (1.8 mm h21 for CSWF and 1 mm h21 for
WSWF) were observed on the northwestern upwind slopes
over the Payette and Salmon River Mountains (Fig. 1). In the
case of CSWF, the most intense PR (.1 mm h21) occurred
on the southwestern slopes of the Payette and Sawtooth
Mountains. Conversely, mountain ranges located farther down-
wind from the prevailing synoptic flow (e.g., Bitterroot, Saw-
tooth, and Salmon River Mountains; Fig. 1) received minimal
precipitation due to precipitation shadow effects. These ef-
fects were particularly pronounced in the Bitterroot and
Sawtooth Mountains for WZF and Salmon River and Bitter-
root Mountains for WSWF. On the other hand, the lowest
PR (,0.4 mm h21) was associated with the lowest IVT of
37 and 60 kgm21 s21 during the zonal flow patterns CZF
and WZF (Figs. 5a,c). In these cases, precipitation primarily
accumulated in the southeastern mountain ranges of Idaho
and the Grand Teton in Wyoming.

The standard deviations in IVT exhibited distinct patterns
among the synoptic flow patterns. In the CSWF and WSWF
patterns, which were characterized by higher IVT values
(ranging from 80 to 120 kgm21 s21), the standard deviations

FIG. 4. Box-and-whisker plots of integrated water vapor flux (IVT; light red with blue edges) from surface to
300 hPa and 700-hPa temperature T (light blue with red edges) from WRF and ERA5 reanalysis data (Fig. S2) over
the inner domain (Fig. 1) for the four composite synoptic SOM patterns.
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were notably higher (.90 kgm21 s21). These high-standard
deviation areas were primarily situated on the western side of
the domain and within the Snake River Valley (Figs. S3b,d).
Conversely, over the Payette Mountains and the eastern part
of the domain, the standard deviations in IVT decreased to
less than 70 kgm21 s21. In the case of the WZF pattern, a sim-
ilar spatial pattern was observed compared to CSWF and
WSWF, albeit with lower standard deviation values. In this
pattern, standard deviations in IVT exceeded 60 kgm21 s21

on the west side of the domain and within the Snake River
Valley, while they dropped to less than 55 kgm21 s21 over the
Payette Mountains and the eastern portion of the domain
(Fig. S3c). Conversely, the CZF pattern exhibited the lowest
values in the standard deviation of IVT. In this pattern, higher
standard deviations were predominantly present on the south-
ern side of the domain, ranging from 50 to 65 kgm21 s21,
while lower values were observed toward the north, falling
below 55 kgm21 s21 (Fig. S3a). In addition, the probability
density in IVT showed unimodal patterns for CZF, WZF, and
WSWF, peaking around 10, 10–20, and 20 kgm21 s21 corre-
spondingly (Figs. S4a–d). However, in CSWF, it showed bi-
modal patterns, peaking at 50 and 120 kgm21 s21 (Fig. S4b).

Among the relationship between altitude, temperature, and sat-
urated water vapor pressure, the environmental temperature plays
a crucial role in shaping precipitation patterns (Fig. 6). Typically,
as altitude increases, temperature decreases, leading to lower satu-
rated water vapor pressure. Consequently, terrain height signifi-
cantly influences the freezing, condensing, and depositing of water
vapor, generally resulting in more precipitation over the higher

terrain (Fig. 6). Notably, CZF exhibited widespread snowfall with
little rainfall (S/P. 0.9; Fig. 6). This pattern was mainly observed
in January–February and was associated with the coldest tempera-
tures (T , 2108C; Fig. 4). In contrast, CSWF showed a more
rapid increase in the proportion of frozen precipitation (S/P) at al-
titudes below 800 m, with a steady rise between 1000 and 2500 m,
peaking at around 0.9 above 2500 m (Fig. 6). Additionally, the
precipitation rate steadily increased between 500 and 3500 m,
reaching a peak at 0.5 mm h21 (Fig. 6). Interestingly, despite being
the second coldest pattern, with most cases occurring in January
and February (Fig. 3), CSWF still exhibited a rainfall rate of
0.1 mm h21 at the highest terrain (.3500 m MSL), similar to the
rainfall rate observed ,1500 m MSL, resulting in an average S/P
ratio of 0.7 among the cases. In the cases ofWZF andWSWF, fro-
zen precipitation rates increased gradually (,0.1 mm h21) below
2500 m MSL and then rose to 0.2–0.3 mm h21 above 2500 m
MSL. While some rainfall (,0.4 mm h21) was observed at higher
altitudes, most of the precipitation received in elevated terrain
was frozen, leading to an increased average S/P ratio to 0.60
(Fig. 6). Overall, the percentage of frozen precipitation increased
with altitude. CZF and CSWF exhibited a larger proportion of
frozen precipitation than WZF and WSWF due to their favorable
temperature conditions, which facilitated the conversion of liquid
precipitation and water vapor into ice-phased precipitation while
reducing evaporation and melting near the surface.

c. Integrated ice water path and precipitation patterns

Integrated IWP, representing the cumulative amount of
ice, graupel, and snow, closely correlated with precipitation

FIG. 5. Mean hourly PR (color coded) and integrated water vapor flux between the surface and 300 hPa (IVT;
arrows) based on the 900-m WRF simulations for four synoptic SOM patterns: (a) CZF, (b) CSWF, (c) WZF, and
(d)WSWF. State borders are indicated as solid black lines. The median values of PRs are shown in the lower-left corner.
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amounts and distribution. Specifically, areas with the highest
PR (.0.3 mm h21) were associated with significant snowfall,
as indicated by S/P . 0.9 and the highest PR aligned with the
highest altitudes (.2.5 km MSL). The magnitude of IWP var-
ied considerably, depending on the IVT and the prevailing
synoptic weather pattern. The southwest flow patterns, namely,

CSWF (IWPmax 5 0.8 kg m22, IWP 5 0:27kg m22; Fig. 7b) and
WSWF (IWPmax 5 0.42 kg m22, IWP 5 0:15kg m22; Fig. 7d), ex-
hibited the highest IWP values, primarily due to the abundant
IVT associated with these patterns. In CSWF, IWP maxima
were concentrated around the central Payette Mountains and
overlapped with the region of maximum PR. However, there
was a slight spatial displacement of precipitation, ,10 km,
toward the downwind side. This displacement occurred be-
cause hydrometeors, as they fell to the ground, were hori-
zontally advected by the mean flow.

Contrary to the correlation between enhanced IWP and en-
hanced surface precipitation, we also found areas of enhanced
IWP that were not correlated with enhanced surface precipi-
tation. For instance, during CSWF and WSWF, areas of en-
hanced IWP were associated with low PR (,0.1 mm h21) in
the Snake River Valley (IWP . 0.3 kg m22 for CSWF and
IWP . 0.2 kg m22 for WSWF). In such cases, we speculated
that clouds contained a significant amount of ice particles that
were likely too light to reach the ground and the presence of
an enhanced updraft prevented the ice from falling to the
surface.

The influence of multiple mountain ranges on IWP and sur-
face precipitation was examined over the Salmon River
Mountains, comprising three parallel northwest–southeast-
oriented mountain ranges: The Lost River Range, the Lemhi
Range, and the Beaverhead Mountains (see Fig. 1). During
CSWF, and to a lesser extent during WSWF, we observed
that IWP . 0.1 mm was associated with PR , 0.1 mm h21 as
the air traversed the first mountain range (113.58W). How-
ever, no enhancement in IWP and PR occurred over the sub-
sequent two mountain ranges farther downwind (Lemhi
Range and Beaverhead Mountains), suggesting the presence
of rain/snow shadow effects. Notably, these shadow effects

FIG. 7. As in Fig. 5, but showing integrated IWP (ice, snow, and graupel; color shaded) and PR (colored contour line).

FIG. 6. (a) Domain-averaged PR (mm h21) and (b) the ratio of
frozen (S) to total precipitation (P; rainfall 1 frozen precipitation)
as a function of terrain height for the four SOM patterns. Rainfall
is indicated by navy bars and frozen precipitation is indicated by
pink bars in (a). Shading indicates the interquartile ranges and
dashed-dotted lines represent the average ratio over all terrain
heights in (b).

J OURNAL OF AP P L I ED METEOROLOGY AND CL IMATOLOGY VOLUME 63862

Brought to you by University of Colorado Libraries | Unauthenticated | Downloaded 08/26/24 06:02 PM UTC



were prominent only in the southwesterly flow patterns
(WSWF and CSWF) but absent in the zonal flow patterns
(CZF and WZF). This discrepancy may be attributed to the
difference in the water vapor transport patterns with respect
to the orientation of the mountains. In CZF (Fig. 7a), the ma-
jority of the IWP (.0.1 kg m22) was concentrated on the Wy-
oming Ranges, Teton range in Wyoming, and the northern
side of the central Payette Mountains, with IWP values rang-
ing from 0.03 to 0.21 kg m22 for CZF and 0.02–0.19 kg m22

for WZF.
Within each SOM node, most significant variations in IWP

(.0.5 kg m22) predominately occurred in CSWF and WSWF
patterns, particularly on the west side of the domain and the
Snake River Valley. In contrast, during the CZF and WZF pat-
terns, standard deviations in IWP were mostly ,0.45 kg m22

(Fig. S5). The probability density in IWP showed similar trends
for each SOM node, with values first dropping rapidly and then
gradually decreasing to zero (Fig. S6).

Steep mountain slopes have been recognized as regions of
elevated SLW (Sassen et al. 1986; Rauber et al. 2019), which
can enhance snowfall through seeder–feeder processes. Dur-
ing CSWF, WSWF, and WZF, the enhanced SLWP was asso-
ciated with the windward side of the mountain ranges (Fig. 8).
The central Payette Mountains and the Teton ranges exhib-
ited higher amounts of SLWP (.0.09 kg m22), while the
Snake River Valley had SLWP , 0.06 kg m22. Notably,
CSWF, WSWF, and WZF displayed SLWP values of up to
0.4, 0.27, and 0.16 kg m22, respectively. In WSWF and CSWF,
the northwest–southeast-oriented mountain ranges (Lost
River Range, Lemhi Range, and Beaverhead Mountains)
exhibited enhanced SLWP (.0.09 kg m22). Moreover,

mountain ranges farther downwind (Grand Teton and Wyo-
ming Ranges) were associated with higher SLWP compared
to the upwind ranges, like Payette Mountains and Sawtooth
Ranges. Interestingly, the Snake River Valley, which experi-
enced an increase in IWP (Figs. 7b,c), did not display signifi-
cantly enhanced SLWP, in a low SLWP/IWP ratio. In contrast,
during CZF, over 90% of the area had SLWP , 0.02 kg m22,
with only the windward side of the Grand Tetons, featuring
elevations of up to 3500 m MSL, showing SLWP. 0.03 kg m22.
Significant fluctuations in the SLWP were primarily linked to
elevated terrain (Fig. S7). In CSWF andWSWF, the standard de-
viation in SLWP reached its maxima at 0.3–0.45 kg m22. Mean-
while, in CZF and WZF, higher standard deviations in SLWP
were still correlated with mountain summits, with the SLWP
standard deviation peaking at 0.2–0.3 kg m22 for WZF and
around 0.15 kg m22 for CZF (Fig. S7). The probability density
function in SLWP exhibited similar behavior for each SOM
node. The values dropped rapidly before gradually decreasing to
zero (Fig. S8).

The amount of supercooled liquid and ice within mixed-
phased clouds plays a critical role in determining the type and
intensity of precipitation (Bergeron 1935; Fan et al. 2017;
Pravia-Sarabia et al. 2023). The ratio of SLWP to total hydro-
meteors path (SLWP1 IWP), referred to as SLWR, provided
insights into whether clouds were primarily composed of wa-
ter with a lack of ice particles (SLWR ; 1) or dominated by
ice particles with limited liquid water (SLWR ; 0; Fig. 9).
CSWF and WSWF exhibited elevated SLWR values over the
western mountain ranges of the Payette Mountains (Salmon
River Mountains and Sawtooth Range) and at higher eleva-
tions such as the Grand Tetons (SLWR ; 0.6; Fig. 9) as well

FIG. 8. As in Fig. 5, but showing integrated SLWP (color coded).
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as the Lost River Range, Lemhi Range, and Beaverhead
Mountains (SLWR . 0.5). In contrast, lower SLWRs (,0.2)
were predominately found in mountain valleys and within the
Snake River Valley. The high values of SLWR associated
with low PRs in the Snake River Valley, especially in WZF,
were probably due to the frequent occurrence of nonprecipi-
tating supercooled liquid clouds, a phenomenon often ob-
served in satellite data (Fig. 4 in Morrison et al. 2013).
Interestingly, domain-averaged SLWR for WZF was larger
(SLWR 5 0.24) than for CSWF (SLWR 5 0.13) and WSWF
(SLWR 5 0.17). This difference in SLWR and SLWP may be
attributed to the use of column-integrated values, which might
not accurately reflect the amounts of liquid hydrometeors
surpassing the amounts of frozen hydrometeors at a specific
location. To address this matter, further investigation and dis-
cussion on the vertical distribution of hydrometeors were car-
ried out in the following sections.

To gain a better understanding of the microphysical pro-
cesses involving diffusional growth, riming, or seeder–feeder
mechanisms, we analyzed primary cloud top temperatures
(CTTs, Fig. 10) and the vertical distribution of frozen and liq-
uid particles between 2408 and 108C (Fig. 11). CZF and
CSWF were associated with colder clouds, as CTT spanned from
2258 to 258C and from 2218 to 08C, respectively (Figs. 10a,b).
The CTT in WZF ranged from 2168 to 08C. The coldest clouds
(CTTmin ’ 2168C) were situated in the intersection between
Rocky Mountain and Teton Range, while the warmest clouds
(CTTmax ’ 08C) were found in Snake River Valley. The larg-
est supercooled liquid water fraction (SLWR . 0.5, Fig. 9c)
was primarily found in the Teton Range and Wyoming Range
(212 , CTT , 248C). WSWF, to a larger extent, showed a

similar distribution of CTT with that in WZF, ranging from
2158 to 38C. Although WSWF had warmer clouds than WZF,
it did not lead to a higher SLWR. This was because WSWF had
larger IWP (Figs. 7c,d), making the fraction of supercooled liq-
uid water smaller than WZF (Figs. 9c,d). Therefore, in WSWF,
we speculate more ice was not suspended in the warmer
primary/lower-lying clouds but rather above the primary/
lower-lying clouds, forming “seeder” clouds with abundant ice.
This inference could be farther verified by analyzing the vertical
distributions of liquid-phased and ice-phased hydrometeors.

The layer-averaged mixing ratio was defined as the mean value
of the mixing ratio of a specific hydrometeor within the 28C tem-
perature range. Below 2208C, the layer-averaged cloud ice mix-
ing ratio (QICEL) increased with decreasing temperatures in all
patterns. Among the different weather patterns, CSWF had the
highest QICEL, reaching up to 0.002 g kg21, followed by WSWF
with QICEL , 0.0012 g kg21. CZF and WZF exhibited even
lower QICEL, generally, 0.001 g kg21 (Fig. 11a).

The mixing ratios for snow (QSNOW; Fig. 11b), graupel
(QGRAP; Fig. 11c), cloud water (QCLOUD; Fig. 11d), and
rain (QRAIN; Fig. 11e) all showed a unimodal shape.
QSNOW peaked at around 228C for WZF, 288C for CZF,
268C for WSWF, and 268C for CSWF. These peaks mostly
fell within the riming/splintering layer between 238 and 268C
(Hallett and Mossop 1974). This suggests that riming/splinter-
ing might have played an essential role in determining the size
and shape of snowflakes. The greatest increase in the mixing
ratio occurred within the dendritic/diffusional growth and
riming/splintering layer. The maximum layer-averaged snow
mixing ratios (QSNOWLmax) were 0.045 g kg21 for WZF,
0.058 g kg21 for CZF, 0.095 g kg21 for WSWF, and 0.13 g kg21

FIG. 9. As in Fig. 5, but showing the ratio of SLWP and SLWP1 IWP (color coded).
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for CSWF. QGRAP peaked near the freezing point, with values
at 0.0045 g kg21 for WZF and 0.00074–0.0077 g kg21 for CZF,
WSWF, and CSWF. Note that in the Thompson–Eidhammer
scheme, rimed snow transforms into the graupel when the rim-
ing growth rate exceeds the depositional growth rate by a factor
of about five (Thompson et al. 2004). Therefore, the increase in
QGRAP demonstrated enhanced riming and conversion from
snow to graupel, likely resulting in a reduction in the SLW and,
consequently, a decrease in QCLOUD between temperatures
of 08 and 2108C. Notably, the maximum layer-averaged cloud
water mixing ratios (QCLOUDLmax) were 0.022 g kg21 at
2158C for CZF, 0.058 g kg21 at 2108C for WZF, 0.038 g kg21

at 2108C for CSWF, and 0.04 g kg21 at 288C for WSWF.
This suggests that the WZF had the largest amounts of
QCLOUD favoring ice particle growth. In terms of the QRAIN
profile, WZF and WSWF displayed higher peak values
(QRAINLmax ’ 0.030 g kg21 and QRAINLmax ’ 0.025 g kg21,
respectively) compared to CZF (QRAINLmax ’ 0.023 g kg21)
and CSWF (QRAINLmax ’ 0.007 g kg21).

The efficiency of the seeder–feeder process relies on the
presence of abundant ice and SLW. In the context of glacio-
genic cloud seeding, the most substantial seeding impacts are
expected in mixed-phased clouds with abundant SLW and
low natural ice. WSWF and CSWF appear to favor natural
seeder–feeder mechanisms with enhanced QICE, QSNOW,
QGRAUP, and QRAIN at T , 08C. Conversely, CZF exhib-
ited the lowest values ofQRAIN, QGRAUP, and QCLOUD,
indicating a deficiency of both SLW and IWC, hindering effi-
cient cloud droplet and precipitation growth. Notably, while
the WZF exhibited the highest QCLOUD values at T , 08C,
it also had the least amount of snow in the dendritic growth

and riming layers. Therefore, WZF might present the most
suitable scenario for glaciogenic seeding due to the relatively
low efficiency of natural seeder–feeder effects, but abundant
supercooled droplets suspended in the clouds.

SLW is often associated with terrain-induced dynamics
such as enhanced updraft generated by gravity waves (Reinking
et al. 2000; Bruintjes et al. 1994), turbulent eddies near the
mountain surface (Lee 1988; Geerts et al. 2011; Chu et al.
2018), and orographic lift along steep terrain (Sassen et al. 1986;
Rauber et al. 2019). Therefore, in the next section, we will in-
vestigate how vertical velocity and turbulence are linked to the
distribution of ice and liquid water and their impact on surface
precipitation.

d. Vertical velocity

Orographic lifting plays a crucial role in determining pre-
cipitation patterns in mountainous regions. When prevailing
winds encounter mountain barriers, they are forced to ascend
the slopes, undergoing adiabatic cooling. The cooling process
leads to the condensation of water vapor and the formation of
clouds. Within the planetary boundary layer (,1.5 km AGL),
the vertical velocity Wpbl . 0.2 m s21 was primarily concen-
trated in mountainous areas, such as the central Idaho moun-
tainous and the Grand Teton Ranges (Fig. 12). In general,
larger updrafts in these regions, particular during CSWF and
WSWF, where Wpbl reached a maximum of ’ 0.9 m s21,
surpass WZF and CZF, which had updraft capped at about
0.6 m s21. Downdrafts (Wpbl , 0 m s21, Fig. 12) were mainly
associated with the ascending flow on the lee side of the
mountains. In addition, areas with Wpbl ’ 0 m s21 (Fig. 12),

FIG. 10. As in Fig. 5, but showing CTT (color coded).
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notably in the Snake River Valley, indicated little vertical
transport or mixing effects within the boundary layer.

Average upward gradients of equivalent potential tempera-
ture within the planetary boundary layer (ue_pbl) were calcu-
lated to reflect the potential instability under different synoptic
scenarios. The average Due_pbl values were 12 K km21 for CZF,
7 K km21 for CSWF, 14 K km21 for WZF, and 10 K km21 for
WSWF (Fig. S9). The proportions of gridded points with nega-
tive gradients, where ue_pbl decreases with height, were 15%,
18%, 23%, and 29% for CZF, CSWF, WZF, and WSWF, re-
spectively (Fig. S9). However, the potential instability did not
necessarily result in convective updrafts. In mountainous re-
gions, the terrain-induced ascent can be owing to mechanical
(airflow over or around an obstacle) and/or thermal (differential
heating over sloping terrain) forcing (Kirshbaum et al. 2018).
The calculated Pearson correlation coefficients (close to 0;

Fig. S10) demonstrated little correlation between convective up-
drafts and potential instability in this area.

Relative humidity within the planetary boundary layer
RHpbl varied substantially across the different synoptic pat-
terns. CSWF was associated with the highest RHpbl (.90%) in
the Payette Mountain and Sawtooth Mountain Ranges,
along with RHpbl ranging between 80% and 90% in the
Bitterroot Ranges, the three northwest–southeast-oriented
mountain ranges, and the Grand Teton Ranges. Thus, as this
near-saturated air was lifted by the terrain-induced updraft, water
vapor cooled and condensed, contributing to cloud and precipita-
tion formation.

SLW tends to be most prevalent in clouds where the con-
densate supply rate exceeds the diffusional growth rate of ice.
This phenomenon is often associated with turbulent eddies
near the mountain surface (Lee 1988; Geerts et al. 2011;

FIG. 11. The domain average of in-cloud mixing ratios of (a) cloud ice, (b) snow, (c) graupel, (d) cloud water, and
(e) rain as a function of temperature from the SOM models. In-cloud is where the total hydrometeor mixing ratio
(cloud ice 1 snow 1 graupel 1 cloud 1 rain) . 1023 g kg21. The shaded background represents the melting layer
(light gray color), riming/splintering layer (dark gray color), and dendritic/diffusional growth layer (purple color).
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Chu et al. 2018). During WSWF, the highest values of turbu-
lent kinetic energy within the planetary boundary layer
TKEpbl were found above the highest peaks (.3 km MSL),
reaching up to 6 J kg21 (Fig. 13b). While the central Idaho
mountains primarily exhibited enhanced TKEpbl (.2 J kg21;
Figs. 13b,d) during CSWF and WSWF, substantial TKEpbl

(.2 J kg21) occurred downstream of the Teton and Wyoming
Ranges in all SOM patterns. Conversely, the Snake River
Valley and other mountain valleys consistently displayed rela-
tively low TKEpbl (,1 J kg21) values in all SOM patterns.

A prime example of orographic turbulence enhancement
can be seen in the three northwest–southeast-oriented moun-
tain ranges, namely, the Lost River Range, Lemhi Range, and
Beaverhead Mountains. In CZF, CSWF, WZF, and WSWF,
these ranges exhibited a distinct pattern of staggered high-
and-low TKEpbl patterns, with higher values above the ridges
and lower values in the valley (Fig. 13). For all SOM patterns,
mountain ridges were often associated with higher TKE val-
ues due to mountain-induced turbulence resulting most likely
from a combination of orographic lift, wind shear, lee waves,
or Kelvin–Helmholtz instabilities. Additionally, the rough
mountain terrain might lead to more prominent wind shear or
vortices on the windward side, contributing to increased tur-
bulent kinetic energy (Lee 1988; Geerts et al. 2011; Chu et al.
2018). On the lee side of the mountain, terrain-induced waves
and large eddies can be found. During SW flow conditions
(CSWF and WSWF), TKEpbl values exceeding 1.5 J kg21 oc-
curred in the lee of the major ridges, indicating the presence
of mountain-induced turbulence (Figs. 13b,d). However,
within the valleys, due to the descending motion and the
warming caused by compression, stable layer conditions tend
to suppress turbulent mixing and dampen turbulence.

To further investigate how the near-surface turbulence and
terrain affect surface precipitation, we correlated TKEpbl and
PR (Fig. 14). The PCC of TKEpbl and PR ranged between
0.51 and 0.87 (Fig. 14a), primarily indicating the dependence
of both variables on elevation. After removing the elevation’s
influence by detrending (Fig. 14b), PCC , 20.5 for the SW
flow was found, while CZF and WZF had PCC values from
20.45 to 20.3 (Fig. 14). CSWF displayed the highest slope
and magnitude in TKEpbl and PR compared to CZF, WZF,
andWSWF (Fig. 14 yellow lines). All TKEpbl curves exhibited
a unimodal shape, with peak values occurring around 2.8 km
MSL for all scenarios (CZF, CSWF, WZF, and WSWF).
These large values were concentrated in the northeastern cor-
ner of the WRF domain (Fig. 1), coinciding with the Rocky
Mountains. In addition, despite having slightly lower values of
TKEpbl than WSWF, WZF produced the lowest snowfall
amount. This suggests that factors beyond turbulent mixing
effects, such as enhanced collision-coalescence and broaden-
ing of the particle size spectrum, may contribute to the lower
efficiency of precipitation in WZF.

4. Conclusions

This study investigated the relationship between synoptic
circulation characteristics, mesoscale microphysical and dy-
namical features, and topography on the surface precipitation
over the Payette Mountains of Idaho utilizing the ERA5
dataset and 900-m resolution WRF Model output between
January and March 2017, which coincided with SNOWIE. The
self-organizing map (SOM) approach was applied to 700-hPa
geopotential heights from ERA5 data. The results from the
SOM analysis were then applied to a composite analysis using

FIG. 12. As in Fig. 5, but showing vertically averaged vertical velocity (shaded color) and relative humidity (colored
contour line) within the planetary boundary layer.
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the 900-m resolution WRF Model output. This analysis en-
compassed the distribution of precipitation and integrated
hydrometeor path, providing insights into the efficiency of nat-
ural precipitation processes and the potential for cloud seeding

operations under different synoptic patterns. Furthermore,
the study delved into the analysis of the vertical profile
of in-cloud hydrometeors within different temperature
layers (melting layer, splintering/riming layer, and dendritic/
diffusional growth layer). This microphysics perspective
shed light on the general features of seeder–feeder processes.
The comparison of different underlying topographical features,
with particular emphasis on three northwest–southeast-oriented
mountain ranges, namely, the Lost River Range, Lemhi Range,
and Beaverhead Mountains, highlighted the modulating role of
terrains through orographic lifting and turbulent mixing from a
dynamic standpoint.

The main conclusions from this study are summarized below:

• Considering the two metrics, SI and PPCC, the 2 3 2 SOM
structure had the highest SI value (0.28), while the 5 3 5
SOM structure had the highest PPCC value (0.95). Given
the low performance of the 5 3 5 SOM on SI, we selected
the 2 3 2 SOM for this analysis.

• Between January and March 2017, WZF was the most fre-
quently observed scenario (30.0%), followed by WSWF
(25.5%), CSWF (23.1%), and CZF (21.3%).

• CZF was the scenario with the least amount of IVT
(,50 kgm21 s21), precipitation (PR , 0.4 mm h21), and
SLWP (,0.06 kg m22). The deficiency in IVT and SLWP
resulted in the lowest PRs, and, subsequently, CZF had
the lowest cloud seeding potential.

• Spatially, CSWF was associated with the most significant
amount of water vapor supplies, SLWP, IWP, and orographic
lifting within the boundary layer. Vertically, CSWF had the

FIG. 13. As in Fig. 5, but showing layer averaged turbulent kinetic energy within the planetary boundary layer
(color coded).

FIG. 14. The domain-averaged precipitation rate (dash line with
filled circle symbols) and mean turbulent kinetic energy within the
planetary boundary layer TKEpbl (solid line with star symbols) as a
function of terrain height for the four SOM models (shown in the
legend) for (a) original data and (b) detrended data. The numbers
in the colored boxes indicate the PCCs between TKEpbl and PR.
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highest amount of ice (up to 0.002 g kg21) located above a
high content of SLW (up to 0.038 g kg21), which favored an
efficient natural seeder–feeder process leading to the largest
precipitation rates (up to 1.4 mm h21).

• WSWF shared similar characteristics with CSWF in ground
precipitation distribution, integrated ice/supercooled water
path distribution, and orographic lifting effect, albeit with lower
values of IWP, SLWP, and Wpbl compared to CSWF, resulting
in the second-largest precipitation rates of up to 0.8 mm h21.

• WZF had the lowest precipitation rates (PR , 0.4 mm h21)
but featured a significant amount of SLW in the dendritic/
diffusional growth layer between 2108 and 2258C, making
this scenario a potential case for glaciogenic cloud seeding
operations.

• Complex terrain played an essential role in modulating the local
circulation and the distribution of precipitation. The average PR
over the Snake River Valley was about 30%–50% lower com-
pared to the Payette Mountains. Higher terrain (.2 km MSL)
was usually associated with higher turbulent kinetic energy
within the planetary boundary layer (TKEpbl . 1 J kg21),
higher vertical velocity (Wpbl . 0.3 m s21), and more consider-
able precipitation rate (PR . 0.1 mm h21) across all SOM
scenarios.

Since only 3 months were investigated in this study, we ac-
knowledge the period of study may not fully represent the
general climate patterns. Seasonal snowfall in the American
West exhibits significant interannual variability, influenced by
factors such as the frequency, intensity, orientation, and land-
fall location of winter storms. Therefore, it is crucial to expand
the scope of our evaluation beyond a single season to capture
a more comprehensive picture. Nevertheless, this analysis of-
fers a robust assessment of cloud seeding potential during
SNOWIE, providing a basis for comparison with observational
analyses. These results should not be taken in a general sense.
To do so, this method needs to be applied to multiple years,
which we will address in the future.
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